Abstract. A simple collision model for multiple collisions occurring in quadrupole type mass spectrometers was derived and tested with leucine enkaphalin a common mass spectrometric standard with well-characterized properties. Implementation of the collision model and Rice-Ramsperger-Kassel-Marcus (RRKM) algorithm into a spreadsheet software allowed a good fitting of the calculated data to the experimental survival yield (SY) versus collision energy curve. In addition, fitting also ensured to estimate the efficiencies of the kinetic to internal energy conversion for Leucine enkephalin in quadrupole-time-of-flight and triple quadrupole instruments. It was observed that the experimental SY versus collision energy curves for the leucine enkephalin can be described by the RiceRamsperger-Kassel (RRK) formalism by reducing the total degrees of freedom (DOF) to about one-fifth. Furthermore, this collision model with the RRK formalism was used to estimate the critical energy (E o ) of lithiated polyethers, including polyethylene glycol (PEG), polypropylene glycol (PPG), and polytetrahydrofurane (PTHF) with degrees of freedom similar to that of leucine enkephalin. Applying polyethers with similar DOF provided the elimination of the effect of DOF on the unimolecular reaction rate constant. The estimated value of E o for PEG showed a relatively good agreement with the value calculated by high-level quantum chemical calculations reported in the literature. Interestingly, it was also found that the E o values for the studied polyethers were similar.
Introduction

S
urvival yield curves (SY) (i.e., a plot of relative ion intensity ratios of the precursor ion to those of all product ions and the precursor ion as a function of the collision energy) play an important role in characterizing the energetics of fragmentations in collision induced dissociation (CID) [1] [2] [3] . Furthermore, the kinetic feature of the fragmentation can also be accessed. However, one of the main drawbacks of the SY curve is that it is largely dependent on the time scale of the mass spectrometric experiments (i.e., the reaction time allowed for fragmentation), which depends on the instrument time-window [1] [2] [3] . The SY versus collision energy curve is, therefore, determined by certain combination of the corresponding internal energy-dependent unimolecular dissociation rate constant and the time elapsed for fragmentation. A further complicating issue is that in most of the commercially available quadrupole-type mass spectrometers (e.g. in quadrupoletime-of-flight or triple quadrupole instruments) multiple collisions take place in the collision cell; therefore, the determination of both the kinetic energy conversion into internal energy and the time allowed for fragmentation are not straightforward. These complications arise from the fact (1) that the selected ions collide several times with the gas molecules that cause stepwise change in the kinetic and internal energy of the precursor ion. (2) In addition, the average fragmentation time for an ion with a particular internal energy also changes, most notably increases, as the ion slows down because of the subsequent collisions (kinetic energy loss). ( 3) The efficiency of conversion of the centerof-mass energy into internal energy (i.e., the collision inelasticity (η) is usually not known) and it is often estimated or taken to be 1. (4) Considerable scattering of the selected ion may occur in the collision cell. (5) The processes taking place in a mass spectrometer are stochastic in nature.
To describe the collisions and the energy transfer, as well as to extract or estimate the critical energy of fragmentation, several models including hard-sphere and diffuse-scattering models have been applied based on Monte-Carlo simulations [4] [5] [6] [7] . In addition, a highly sophisticated computer program called Masskinetics has been also developed [8] . Although the collision inelasticity can be adjusted in these models, the selected value of η strongly correlates with the critical energy to be determined (E o ).
To overcome the difficulties associated with the multiple collisions and the estimation of E o from the SY curves, in this study we will apply two approaches. First we present a simple collision model containing formulas for calculating the reaction time, gain of the internal energy, and SY data as a function of collision cell length. Secondly, for checking the validity of the model and to estimate the collision inelasticity, leucine enkephalin was used as a "calibrant" for determination of the collision inelasticity since its mass spectral properties are wellestablished [9] and often used as a mass spectrometry standard. Furthermore, assuming that the collision inelasticity for compounds with similar degrees of freedom is similar to that for leucine enkephalin, this enables the estimation of the E o value from the SY versus collision energy curves.
For our studies, polyethers, including polyethylene glycol (PEG), polypropylene glycol (PPG), and polytetrahydrofuran (PTHF), were selected because of the structural similarity existing in their homologous series. On the other hand, polyethers are industrially important polymers applied for the manufacturing of many materials ranging from pharmaceutical excipients to thermoplastic elastomers [10] [11] [12] [13] [14] . Thus, knowledge of their mass spectrometric behavior is of crucial importance for the characterization of these polymers.
Experimental
Chemicals
All chemicals used were received from Aldrich (Steinheim, Germany). Leucine enkephalin and the polyethers: polytetrahydrofuran (PTHF) with a number-average molecular weight (M n ) of 650 g/mol, polyethylene glycol (PEG) with M n of 400 g/mol, and polypropylene glycol (PPG) with M n of 600 g/mol were used for the experiments. To obtain lithiated adducts of the polyethers in ESI, a solution of LiCl in methanol was added to the polyether solutions (in methanol) to obtain 1 mM concentration of the polyethers and LiCl. Leucine enkephalin was introduced into the ESIsource in a concentration of 2 ng/μL dissolved in acetonitrile/water-0.1 % formic acid (1/1 vol/vol).
Electrospray Quadrupole Time-of-Flight MS/MS (ESI-Q-TOF)
The MS/MS measurements were performed with a MicroTOF-Q type Qq-TOF MS instrument equipped with an ESI source from Bruker (Bruker Daltonics, Bremen, Germany). The sample solutions were introduced directly into the ESI source with a syringe pump (Cole-Parmer Ins. Co., Vernon Hills, IL, USA) at a flow rate of 3 μL/min. The temperature of the drying gas (N 2 ) was kept at 180°C. The needle voltage was 4 kV. For MS/MS experiments, nitrogen gas was used as the collision gas. The pressure in the collision cell was determined to be 8×10 -3 mbar. The precursor ions for MS/MS were selected with an isolation width of m/z 5. The MS/MS spectra were accumulated and recorded by a digitizer at a sampling rate of 2 GHz. The mass spectra were calibrated externally using the exact masses of clusters [(NaTFA) n + Na] + generated from the electrosprayed solution of sodium trifluoroacetate (NaTFA). The mass spectra were evaluated with the DataAnalysis 3.4 software from Bruker.
Electrospray Triple Quadrupole MS/MS (ESI-TQ)
Source conditions for the TQ measurements were similar to those of Q-TOF and the measurements were performed with a Finnigan TSQ Quantum triple quadrupole mass spectrometer from Thermo Finnigan (Thermo Finnigan, San Jose, CA, USA). For the MS/MS experiments of leucine enkephalin, argon collision gas at pressures of 0.5, 0.7 and 1 mTorr was used. The mass spectra were evaluated with the Xcalibur 2.07 software from Thermo Finnigan.
Determination of the Survival Yield (SY)
The SY values were calculated according to Equation (1),
where I p is the intensity of the precursor ion, and ΣI F,i is the sum of all fragment ion intensities.
Basic Relationships Used for the Derivation of the Collision Model for the Multiple Collisions
Internal Energy Increase and Kinetic Energy Loss in a Single Collision The maximum amount of the energy that can be converted into internal energy in a single collision is the center-of-mass energy (E com ) given by Equation (2) [8] ,
where E kin is the kinetic energy (in the lab frame) and m g and m p are the mass of the collision gas and the analyte ion, respectively. Denoting m g /(m g + m p ) by β Equation (3) comes:
The increase in the internal energy of the ion in the first collision (ΔE int,1 ) is related to E com as given by Equation (4),
where η is the collision inelasticity (i.e., the fraction of center-of-mass energy transferred to internal energy in a single collision). In our model, a single value was used for the collision energy-transfer (η), but an extension of the model using Armentrout's energy-transfer distribution defined by Equation (14) in [15] was also made for comparison (see Supplemental Figure S1 ). SY results of our estimation using a single η value are in good agreement with those of the model extended with the η distribution, which may support the validity of our model. The kinetic energy loss of an ion with a mass of m p in a single collision can be given by Equation (5) [8] ,
where θ is the scattering angle. Assuming random scattering angles, and averaging over all the possible scattering angles Equation (5) reduces to Equation (6) [8] .
by γ the kinetic energy loss of the precursor ion in a single collision can be given by Equation (7).
Time Elapsed Between Two Subsequent Collisions The mean free path (λ) (i.e., the distance between two subsequent collisions) can be expressed as:
where σ p is the collision cross-section of the ion (assuming that its cross-section is much larger than that of the collision gas), k B is the Boltzmann constant, P g and T g are the pressure and the temperature of the collision gas, respectively.
The average collision number ( Z ) of the precursor ions traveling through the collision cell of length L can be expressed by Equation (9):
The velocity (v) for the precursor ion with mass, m and kinetic energy E kin is:
and the time elapsed between two subsequent collisions (τ) is given by:
Results and Discussion
Internal Energy Increase and Kinetic Energy Loss in Multiple Collisions
In the quadrupole-type mass spectrometers, several collisions may occur at the operating pressure of the collision cell; therefore, in each collision, the kinetic energy decreases by a value of -γE com . Thus, the kinetic energy after the first collision will be (by combining Equation (3) and Equation (7):
where E kin,o is the initial kinetic energy of the precursor ion. The kinetic energy of the precursor ion after the ith collision can then be expressed by Equation (13):
By combining Equations (3), (4), and (13), the increase in the internal energies after the first and the i th collision is given by Equation (14) and Equation (15), respectively.
Therefore, the total increase in internal energy (E int,inc ) of the precursor ion gained through collisions can be calculated as the sum of a geometric sequence that can be given by Equation (16) (providing that the kinetic energy of the ion remained after the last collision is higher than the thermal energy of the surrounding gas).
The internal energy of the precursor ion (E int ) is then expressed by Equation (17):
where E int,o is the initial internal energy of the precursor ion.
Estimation of the Survival Yield at the Exit of the Collision Cell
Owing to the collisions, the kinetic energy of the ion will decrease according to Equation (13); thus, the velocity and the time (τ i ) between the ith and i+1th can be expressed by Equation (18) and Equation (19), respectively.
The total transit time is the sum of the time elapsed between the subsequent collisions, i.e.,
where Z is the total number of collisions. Interestingly, the total transit time through the quadrupole can be calculated as the sum of a geometric sequence of Equation (20) ., i.e.,
The error of our estimation was evaluated by comparing our results to the simulations of Lock et al., which were based on the ion optics software SIMION [16] . Our model was utilized for calculating the transit time and the exit energy of the ions with the same parameters as Lock et al. used for their simulations: 15.2 cm collision cell filled with 1 mTorr of argon, m/z 0 609 with a collisional crosssection of 2.6×10 -18 m 2 and with an initial energy of 30 eV. A good agreement was found between the results obtained by our model and the SIMION simulation. The average transit time was 80 μs by SIMION and 74 μs calculated with Equation (21), the average exit energy of the ions was 5.5 eV by SIMION and 5.9 eV calculated with Equation (13). Lock et al. determined the variation in exit energy of the ions with the collision cell pressure [16] . As Supplemental Figure S2 shows, our estimation (Equation (13) is in good agreement with the results of the SIMION simulation.
To calculate the SY, the internal energy-dependent rate constant [k(E int )] and the time for fragmentation should be considered. In each collision, the internal energy of the precursor ion will increase according to Equation (15) . After the ith collision, the precursor ion will have E int,i internal energy corresponding to a rate constant k(E int,i ). Let the time for the fragmentation with a rate constant k(E int,i ) τ i (time elapsed between ith and i+1th collision) then the fraction of the undecomposed precursor ion (SY i ) for this collision will be:
The survival yield (SY(L)) at the exit of the collision cell (i.e., at length L is therefore the product of SY i that can be given by Equation (23),
where Z is the integer part of Z (i.e., the total number of collisions and τ r is the remaining time for the ion after the last collision (Z) to reach the exit of the collision cell (will be discussed below). The E int,i and τ i can then be calculated by Equation (17) and Equation (19) , respectively. After the last collision (Z), the ion will travel a distance of Z À Z À Á λ on the average to the exit of the collision cell and the time required for traveling through this distance comes as Equation (24),
where v r is the velocity of the ion after the last collision.
Testing the Model Using Leucine Enkephalin
Using the Collision Model and RRKM Algorithm to fit the Experimental Survival Yield (SY) Versus Collision Energy Curve Using Equations (23), (17) , and (19), the SY values can be calculated at the exit of the collision cell (at length L), which is finally observed in the MS experiment. The energy-dependent rate constant k(E int ) for leucine enkephalin was calculated using the RRKM approximation [17] (Equation (25)) for each collision,
where ρ(E int ) is the density of states of the reactant and W
is the sum of states of the transition state, E o is the critical energy for fragmentation, σ is the reaction path degeneracy, and h is the Planck`s constant.
In the RRKM algorithm, the suggested values of E o , (1.05 eV), as well as the reactant and transition state frequencies for the protonated leucine enkephalin were used [9] . The initial internal energy of protonated leucine enkephalin was estimated with Equation (26) [18] ,
where s and T are the degrees of freedom and the temperature, respectively, k B is the Boltzmann`s constant and c(ν,T) is the fraction of the active oscillators, which is 0.225 at the source temperature of our ESI experimental conditions. The fraction of the active oscillators was calculated based on the Equation (4) in [18] , the state frequencies were obtained from [9] . The algorithms of the collision model and the RRKM model were implemented into the spreadsheet software. The only unknown parameter in the collision model is the collision inelasticity (η) (i.e., the fraction of center-of-mass energy transferred to internal energy in a single collision).
The SY values of leucine enkephalin calculated at the exit of the collision cell of the Q-TOF and TQ instruments were fitted to the experimental SY versus collision energy curve using the spreadsheet software by varying the value of η until the best fit was obtained.
The SY values as a function of the collision energy obtained by the Q-TOF and TQ instruments together with the fitted curve using the RRKM-approximation are plotted in Figure 1 . Figure 1 shows a good agreement between the experimental and the fitted curves. In the case of the Q-TOF instrument η00.43 while in the TQ experiment higher values of η were obtained (i.e., 0.53 (at 1 mTorr), 0.57 (at 0.7 mTorr), and 0.58 (at 0.5 mTorr)). These higher values may be attributed to the fact that a more effective energy transfer takes place with Ar than with N 2 molecules. (Note that N 2 collision gas was applied in the Q-TOF and Ar in the TQ instrument). Furthermore, experiments were done with Ar collision gas on the Q-TOF instrument, and η00.55 was obtained, which is in good agreement with the η values of the TQ instrument. On the other hand, the η values obtained at different Ar pressures in the collision cell show reasonably well agreement, supporting that the simplified collision model is capable of the description of multiple collisions and predicting the SY values as a function of the collision energy.
Our model was extended by taking into account the initial internal energy distribution, which was calculated based on Equation (8) in [18] . The SY values at the end of the collision cell were calculated at different initial internal energies corresponding to the width of the distribution, and weighted by the distribution function (see Supplemental Figure S3 ). The results of the original estimation are in good agreement with the results of the extended model.
Using the Collision Model and RRK Algorithm to Fit the Experimental Survival Yield (SY) Versus Collision Energy Curve
The experimental SY curve for leucine enkephalin was also approximated by the RRK model (Equation (27)),
where A is the pre-exponential factor and S eff is the number of effective oscillators. In Figure 2 , the SY versus collision energy curve determined by the Q-TOF instrument together with the fitted curves calculated by RRKM and RRK model are shown for comparison. Figure 2 indicates a good agreement between the experimental and the fitted curve using the RRK model. In this fitting, E o was set to 1.05 eV and η00.43 was used in the calculations, while A and S eff were varied until the best fit to the experimental SY values was obtained. The fit (Figure 2 , gray line) is good and the rate constants calculated by the RRKM and RRK also agree well (Figure 2, inset) . The value of S eff is also reasonable since in the RRK model the total number of oscillators (s0228) is reduced to about one-fifth. (The total number of oscillators (e.g., the total degrees of freedom (DOF)) is defined as 3×N -6, where N is the number of the atoms in the precursor ion). The value of A of RRK ( 8×10 7 ) is considerably lower than that can be calculated from RRKM (6×10 10 ). The reason for the large difference in the A values obtained by the two methods in spite of the fact that the k(E int ) values agree well is that the RRK does not take into account the variation of S eff with the internal energy. Moreover, despite the simplicity and some drawbacks of the RRK model discussed above it may be still capable of estimation of the critical energies especially of compounds with similar degrees of freedom.
Estimating the Efficiency of the Kinetic to Internal Energy Conversion for Leucine Enkephalin in Quadrupole-Timeof-Flight Instrument Using Equation (23), the SY values can be calculated as a function of the distance from the entrance of the collision cell. The variations of the kinetic and internal energy, as well as the survival yield through the collision cell of our Q-TOF instrument for the leucine enkephalin calculated by the model and the RRKM algorithm are presented in Figure 3 .
As it can be seen in Figure 3 , using the parameter η00.43 the internal energy increases from the initial 2 eV (Equation (26) precursor ion. Interestingly, Equation (16) also shows that in the case of η 0 1 and m p 99 m g and at sufficiently large number of collisions maximum half of the initial kinetic energy can be converted into internal energy (in that case (1 -βγ)≈0 and γ ≈ 2). It is also evident from Figure 3 that the dissociation of the precursor ion mainly take places in the second half of the collision cell, in good agreement with the results obtained using similar kinematics with Monte-Carlo simulations [4, 7] .
Estimating the E o Values for the Polyethers
Our next aim was to estimate the critical energies of the polyethers such as polyethylene glycol (PEG), polypropylene glycol (PPG), and polytetrahyrofurane (PTHF). The calculation of k(E int ) by the RRKM model for polyethers should involve the reactant and transition state frequencies, which are not known for this class of polymers. One possible way to overcome these issues for estimation of E o is to apply RRK model. However, involving the size-effect, i.e., the DOF effect into the RRK model is not straightforward. Therefore, to avoid a DOF effect on the SY curves of these polyethers with similar degrees of freedom to that of leucine enkephalin were investigated as a function of collision energies. The SY curves as a function of collision energy for the lithiated polyethers and leucine enkephalin are plotted in Figure 4 . As seen in Figure 4 , the SY curves for each polyether shifted to higher collision energies, indicating that the lithiated polyethers with similar degrees of freedom to that of leucine enkephalin required higher collision energy for fragmentation. This also suggests that the critical energies for fragmentation of the lithiated polyethers are higher than that of leucine enkephalin. On the other hand, it is also seen in Figure 4 that all polyethers require similar collision energy for fragmentation. This observation also implies that the critical energies for fragmentation of these polyethers are very similar. To estimate the E o values of these polyethers the RRK model was applied. In these calculations the numbers of effective oscillators, as well as the energy transfer efficiency η 0 0.43 were kept constant as obtained for leucine enkephalin. Although η and S eff were taken arbitrarily to be the same for leucine enkephalin and polyethers with similar degrees of freedom, there are some indications and thorough theoretical investigations which may support the close validity of these approximations. For example, it has been demonstrated that the values c(ν,T) as a function of the internal energy vary similarly for compounds of higher molecular weight [18] . While keeping η and S eff values constant the values of A and E o were varied to obtain the best fit to the experimental SY curves. The results of these calculations are summarized in Table 1 . The fitted SY curves are shown by solid lines in Figure 4 .
As it turns out from the data of Table 1 , the E o values for each polyethers are significantly higher than for leucine enkephalin it is in good agreement with the expectation based on the SY curves. It is also evident from Table 1 that the E o values for polyethers are close together, although PEG10 shows a little bit higher critical energy for fragmentation as compared to the other two polyethers. The estimated A values for the polyethers are somewhat higher than for leucine enkephalin. Moreover, the estimates of the A values within the group of the studied polyethers are also very similar -in good agreement with the expectation based on the structural similarities between these polyethers. The critical energy obtained for the lithiated PEG10 is very close to that obtained by high-level quantum chemical calculations for PEG6 (2.3 and 2.8 eV at the levels of theory B3LYP and M05-2X, respectively, for the main fragmentation pathway) [19] . It should be noted, however, that according to the Table 1 . Cross-sections (σ) for the polyethers were determined from the work of Bowers et al. [20] theoretical calculations performed on lithiated PEG with a number of repeat units n (from n 0 2 up to n 0 6) the critical energy for fragmentation showed a chain-length dependence with a decrease of barrier height from 2.7 eV (n 0 2) to 2.3 eV (n 0 6) at B3LYP and from 3.0 eV (n 0 2) to 2.8 eV (n 0 6) at M05-2X. Although there are no calculations for PEG with higher polymerization degrees it seems likely that at around n 0 6 the critical energy levels off, thus ca. 2.3 eV at B3LYP and 2.8 eV at M05-2X can also be expected for PEG10. Unfortunately, no such calculations are available for PTHF and PPG. Nevertheless, the relatively good agreement between the theoretical and the estimated values of E o for PEG may validate the correctness of our approximations used for the estimation of the E o values of polyethers. Additional calculations were done to investigate the influence of the η and S eff parameters on the calculated activation energy. The results are presented in the Supplemental (Table S1 ).
Conclusion
A simple collision model for treating multiple collisions taking place in quadrupole-type instruments has been developed and shown to be capable of the description of energetics of the fragmentations. The survival yield versus collision energy curve for leucine enkephalin can easily be evaluated using the model and calculating the internal energy-dependent rate constant with RKKM formalism by means of implementing the collision model and RRKM algorithm into a spreadsheet software. Furthermore, the RRK model can give comparable results with those of the more sophisticated RRKM model if the total degree of freedom is reduced to about one fifth in RRK approximation. This is true even if the constant A in RRK may be considerably smaller than that can be calculated from RRKM. In addition, in cases when the calculation of the energy-dependent rate constant by RRKM run into difficulties due to lack of input parameters e.g. reactant and transition state frequencies, RRK proved to be capable of predicting the rate constant with a reasonable accuracy. Our model can mainly describe the energetics of the fragmentations if there is only one dominant fragmentation process, or if the main processes have close activation energies. The collision model with the RRK formalism provided critical energy for fragmentation for polyethers comparable to that calculated by high-level quantum chemical calculations. In this report, care was taken to use polyethers for estimating critical energies whose DOF are similar to that of leucine enkephalin to avoid the DOF effect. A further improvement may be possible to take into account the effect of the DOF as there are several indications that the collision energy to attain 50 % fragmentation changes linearly with the DOF. Related investigations are in progress in our laboratory.
